Wear rate and debris are key problems to implanted metal-on-metal hip joints. Surface texture on bearing surfaces is reported to increase tribological performances. Research on the translation of this technology to metal-on-metal hip joint for reduction of friction, wear rate and debris generation is limited. The aim of this study was to investigate, by theoretical predictions and experimental investigations, the tribological properties of simulated metal-on-metal hip joints with different surface textures. Three different honed surfaces were produced with emery paper at controlled load and speed. The experiments were carried out using a computer-controlled friction simulator. Theoretical prediction was carried out using an existing model for textured surfaces. Both experimental and theoretical results demonstrated that honed surfaces had lower friction coefficients during walking and stairs ascent and descent, demonstrating their potential use in metal on metal hip joints for increased implant longevity.
Introduction
Metal-on-metal (MoM) hip prostheses have become more popular than conventional metal-on-polyethylene (MoP) hip prostheses because of their low wear rates. Ceramic-on-ceramic (CoC) hip prostheses have lower friction coefficients and wear rates, but are brittle. The percentage of hip replacements performed with MoM hip prostheses was 14% in England and Wales [1] and 35% in the USA [1] . However, the durability of MoM implants, biological reaction of metallic wear debris with the surrounding tissues and toxic metal deposit in blood have been significant challenges [1] [2] [3] . The UK National Joint Registry [1] Textured bearing surfaces produce lower wear rates than non-textured surfaces due to reduced contact surface areas, reduced friction coefficients and removal of wear debris, which further reduce surface wear [4] [5] [6] [7] [8] . The use of honed surface in the engine cylinder has been effective in reducing friction and wear rate, thereby increasing the engine life span. Therefore, the honed surface technique could potentially be translated to MoM hip joint surfaces to reduce friction and wear rate. However, MoM hip joint surfaces operate at a lower range of speed compared to engine piston and cylinder surfaces. The relative speed between the bearing surfaces is a key element to generate thicker hydrodynamic fluid film [9, 10] , which could help separate the matching surfaces, increase load bearing capacity, and reduce friction coefficient and wear rate [7, 8, 11, 12] . Although the honed surface technique has been successful, there are very few examples of its application in MoM hip joints surfaces. Gao et al.'s numerical study on the effect of surface texturing on MoM hip implants [13] predicted that surface texturing could help improve the tribological performance of asperity contact ratio and lubrication performance of MoM hip replacement. Ito et al. [14] showed that a well-designed surface texture in MoP hip joints resulted in a significant reduction in percentage of friction (30%) and wear rate (68%) after 10 × 10 5 cycles. However, to our knowledge, no study has investigated the effect of the plateau honed surface technique on a MoM hip joint bearing. The aim of this study was to investigate, by laboratory investigations and theoretical analysis, the effect of honed surface textures on the tribological properties of MoM hip joints.
surface profiles and to identify the profile corresponding to the lowest friction coefficient. A theoretical prediction was then performed to validate these experimental findings. Simulated artificial hip joints were manufactured from cobalt-chromium-molybdenum (Cr-Co-Mo) because of its extensive use in orthopedic implants, given its excellent biocompatibility and hardness properties [15] . To simulate the different surface textures, a set of plane surfaces (n = 6) and three sets of honed surfaces (n = 4, 6, 6) were produced, using different grades of emery paper under controlled applied loading conditions. Surface roughnesses (Ra) of these four surface profiles were measured, using a Taylor-Hobson Surtronic 3 + machine (Taylor Hobson Ltd, Leicester, UK). The number of grooves (m), their widths (l d ), and distances between two successive grooves (l) were measured, using a scanning electron microscope (Camscan, Cambridge, UK). Groove heights (h d ) were measured, using a Talysurf CCI (Taylor Hobson Ltd, UK). The mean and standard deviation values of these parameters were then determined, using SPSS 16 software (SPSS Inc, USA).
Experimental study
The specimens were prepared with 50 mm diameter Cr-Co-Mo cylinders and sleeves of 5 mm long, with a 50 µm interface clearance, which is shown in the Fig. 1 . This dimension was chosen because a '50 mm diameter and 50 µm interface clearance' was reported to be the best geometrical combination for MoM hip joints [16, 17] . Dynamic loading was applied according to published gait data [18] and simulator capacity. Contact forces and relative speed in a hip joint vary with type of gaits, as shown in 2000, connected to a host PC provided automatic sequence control and data recording every second. The experiments were performed at a controlled temperature of 37°C [19] , to simulate human body temperature. In this experiment, Morris Multilife synthetic (5W/30) lubricant was used because it had a viscosity of 70 cP at 37°C, which was similar to those of pseudo-synovial fluid, and had a similar working capability over a long-term experiment. As it was a synthetic lubricant, it exhibited greater stability of viscosity with higher loads, which is similar to synovial fluid. The corresponding average coefficients of friction of the four different surface profiles were calculated and compared after the first twelve hundred cycles to identify the honed surface profile that resulted in minimum friction coefficient, which is associated with increased longevity of MoM hip replacements. Wear was only inspected from surface condition before and after the test.
Theoretical prediction study
Theoretical values of friction coefficients for the different honed surfaces were predicted, employing a published theoretical model [20] that used a set of two-dimensional equations for different predetermined dimpled surface parameters and relative velocity of bearing surfaces. Dimple and honed surfaces can be geometrically identical in a two-dimensional profile, as shown in Fig. 2 . Friction coefficients for the honed surfaces in this study could therefore be predicted, using Rahmani's derived equations in the theoretical model [20, 21] to better understand tribological factors of honed surfaces in metallic hip joints.
Following on Fig. 2 , Frictional force (F f ) and bearing loading capacity (W) can be expressed 
Where c 1 and c 2 are the integrating constants and c 1 can be calculated from the equations:
= atmospheric pressure and at atmospheric pressure 2 0 c = Therefore,
The equations can be rearranged as follows [21] ( ) 
The measured groove numbers (m), their widths (l d ) and heights (h d ), and distances between two successive grooves (l) were the input parameters in the theoretical study (Adapted from the Table 1 ). Minimum film thicknesses (h s ) for the simulated walking and stairs ascent and descent were calculated, using the Hamrock-Dowson Formula [22] .
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The equivalent cylinder radius value (R x ) [23] was 25 mm (radius of experiment specimen) and the equivalent elastic modulus (E) for Chromium cobalt was 220 GPa [13] . These two values remained the same for the different activities since the material and dimension of the specimen remained unchanged. The theoretical coefficient of friction (η) for the different surfaces during simulated walking and stairs ascent and descent were calculated, using MathCAD Prime 1.0 professional software (PTC, Needham, USA), after inputting texture and specimen parameters (R x , E) in the equations derived from equations 6, 7 and 8 [20, 21] .
Results and analyses

Laboratory investigation
The mean and standard deviation (SD) values of the plane and honed surface profile parameters (Roughness, depths, widths, number of and distances between honed profiles and groove heights are presented in Table 1 . A representative surface profile for honed surface 3 is shown in Fig. 3 . Fig. 4 presents the friction coefficients (η) of simulated MoM hip joints with plane and different honed surface profiles, subjected to medium walking speed at 37°C. Polished surfaces (n = 6) produced higher friction coefficients compared to the honed surfaces. Honed surface 3 (n = 6) had the lowest friction coefficient among the honed surfaces. Although one honed surface 1 sample had a very low friction coefficient of 0.04, the rest of samples of surface 1 had consistent results of 0.046 (0.0017). the key finding is that honed surface 3 had a significantly lower friction coefficient compared with honed surfaces 1 and 2.
Theoretical simulation
The minimum film thicknesses for simulated walking and stairs ascent and descent, predicted by Hamrock-Dowson Formula [24] , are presented in Fig. 5 . Again, friction coefficients for these gaits, projected by the Rahmani derived equations [20, 21] . Honed surface 3 had the lowest friction coefficient (0.0363), followed by the honed surfaces 1 (0.0401) and 2 (0.0423). Honed surface 3 consisted of a set of deeper and wider honed grooves but fewer in number (m), reflecting the lowest associated friction coefficient value. Although honed surface 1 had smaller groove width and depth and a higher number of grooves compared to honed surface 2, its friction coefficient was higher. Therefore, the relationship between groove depth, width, number, and distance between two parallel grooves was non-linear for predicting friction coefficients. Fig. 6 presents the friction coefficients, obtained by theoretical and experimental methods, for honed surfaces 2 and 3 during simulated walking and stair ascent and descent. In both cases, honed surface 3 had a lower friction coefficient profile during the different activities. The predicted friction coefficient profiles were lower than experimental ones for every activity. Simulated faster speed walking resulted in higher relative speed between the simulated hip joint components. This is due to the generation of a thicker hydrodynamic fluid film that separates the bearing surfaces and the resulting lower friction coefficient, especially at speeds higher than 0.4 m/s [4, 9] . Indeed, all experimental investigations and theoretical predictions showed that fast walking resulted in lower friction coefficient values compared with medium and slow walking speeds (η SW > η MW > η FW ). However, the friction coefficient profiles were different for stairs ascent and descent. Theoretically predicted friction coefficients for stairs ascent (0.043 for honed surface 3), were higher than those of walking (0.036 for medium walking, 0.034 for fast walking and 0.038 for slow walking). However, experimental results show lower friction coefficient for stair ascent (0.0409 for honed surface 3) than walking (0.0425 for medium walking, 0.0420 for fast walking and 0.0430 for slow walking), as illustrated in Fig. 6 . This is because the predicted friction coefficients were based on the surface parameters, bearing speed, viscosity of the lubricant and bearing loading capacity. However, the experimental friction coefficient values were dependent on surface parameters, bearing speed, viscosity of the lubricant and normal load. Normal load was determined by body weight and simulator capacity, whereas predicted bearing loading capacity (603.88 N for honed surface 3 with medium speed walking) was calculated from surface parameters and speed which differed from the applied load of 148 N for simulated medium speed walking. This was due to the loading capacity limitation of the simulator. For example, during stairs ascent and descent, a hip joint bearing is usually subjected to a lower speed but higher applied load compared to walking. However, this applied load was not included in the theoretical bearing capacity equations. Classical theory also states that, at high pressure, friction force increases at lower velocities [25] . Moreover, it is found that applied load is a key factor in determining film thickness and friction coefficient [26] . However, the key finding is that honed surface 3 had lower friction coefficients for walking and stairs ascent and descent in both experimental and theoretically-predicted investigations. This could be because the combination of surface parameters (hone depth, width and number of grooves) of honed surface 3 were more appropriate for the MoM joints condition compared to honed surfaces 1 and 2.
Discussion
The mean surface roughness of the plane surface in this study (Ra 3.34±0.5 µm) was much higher than the standard surface roughness of commercial MoM hip joints (Ra 0.50 ±0.010 µm) [16, 17] . This is one of the main limitations of the study. Indeed, it is difficult to polish the surface of the cylinder and sleeve to a high standard. But, yet the cylindrical shaped specimen was chosen because it was the only option to fabricate a honed surface profile by using a conventional honing method which included a lath machine, different graded emery papers and a controllable loading device. However, all the honed surface profiles were based on the same profile of the plane surface (Ra 3.34±0.5 µm), and the honed surface profiles were at least three times deeper than the plane surface roughness (Table 1) . Therefore, the relative friction coefficient values assumed not to be effected. Moreover, loading conditions, such as speed: 0.07 m/sec (MW), normal load: 150 N (MW), temperature: 37°C (body temperature), matched those of the simulated MoM hip joint [27] . For example, Normal load of this study was 150 N for MW, which appears low compared to the physiological load applied on of the implanted MoM hip. However, if we convert into Hertz contact pressure (31.4 MPa; appendix 1), it remains within the ranges of Hertz pressure of simulated MoM hip joints (14-60 MPa) [27] . Mischler et al [27] calculated the ranges of Hertz pressure (14-60 MPa) from a metal analysis of experimental studies of CoCrMo alloys using tribometers and hip simulators. Chiba et al [28] also used similar range of Hertz pressure in their experiment which was contacted on carbon cast and low carbon forged Co-29Cr-6Mo alloys (MoM).
Theoretically-predicted friction coefficient values for walking activities had a similar pattern (η FW > η MW > η SW ) to those obtained experimentally. Note that the applied loads to these walking gaits differed by only ± 4.6%. On the other hand, friction coefficient patterns for stairs ascent were different (theoretical: η SC(UP) < η SC(DOWN) and experiment: η SC(UP) > η SC (DOWN) ), where applied load differed by ±17% [23] . The magnitudes of predicted and experimental friction coefficient profiles were different. For example, in case of medium speed walking, friction coefficient values differed by 14% for honed surface 1 and 22% for honed surface 2. The reasons for these variations were: 1) The theoretical friction coefficient was predicted from bearing load carrying capacity (603.88 N for honed surface 3 with medium speed walking), whereas the experimental friction coefficient was derived from the applied load (150 N to all honed surfaces with medium speed walking), which was a compromise between gait data [18] and the simulator capacity [23] . 2) Factors such as wear debris, surface roughness, machining error (data record, setting the position of bearing surfaces), lubrication conditions and geometry of bearing surfaces affected the experimental results. Wear debris can act as third body abrasive wear and increase friction coefficients [14, 29, 30] . Surface roughness also results in high friction coefficient [9, 15, 28, 29] . These factors were not included in the theoretical analysis, where the honed surfaces were considered ideal, without any manufacturing limitations. However, both experimental and theoretical results agreed with other published articles [8, 13, 14, [27] [28] [29] . Rahmani et al. [20] calculated the optimum theoretical friction coefficient (0.001967) which was much lower than the theoretically-predicted results (lowest 0.036). It is to be noted that the calculated medium walking speed of 0.0722 m/s was lower than engine piston cylinder bearing speed of 1 m/s [20] . The optimum predicted height ratio (h d /h s ) from Rahmani's study was 1.57 [20] , while that for honed surface 3 was 29.91. However, the friction coefficient values obtained experimentally agreed with those of Mezghani et al. [8] and Ito et al. [14] , who recommended that the friction coefficient of a commercial bearing varied between 0.05 and 0.1 with textured surface. Sawano et al. [29] demonstrated that the durability of artificial joints could be extended to approximately 35 years by using a micro-dimpled surface with a set of 1 µm deep dimple. Similarly, other experimental studies [14, 27] proved that surface texture could reduce friction coefficient and wear rate at a significant rate for simulated artificial hip joints. Friction coefficient values obtained by theoretical prediction (0.036-0.042) were similar with those obtained experimentally (0.043-0.054) in this study, and matched previously-published data [13, 14, 30, 31] . This comparison study serves as a validation for our experimental study. However, our study was only limited to the early phase of friction coefficient for honed surfaces. Nevertheless, this study presented a theoretical explanation for the superior tribological properties of honing surface 3 in our simulated MoM hip joint. Therefore, this analysis can be used to identify theoretically-optimised honed surface parameters (depth, width and number of grooves) for MoM joint bearing and verified by experimental studies to help improve the tribological performance of MoM hip joints. Moreover, this study shows that further work is warranted to identify the optimised honed parameters to minimise wear and friction coefficient, which should be conducted with high standard polished spherical specimens, and simulated body fluid as lubricant.
Conclusion
Both experimental and theoretical simulations encouraged the scope of applying honed surface techniques in MoM hip joint surfaces. Experimental results for all investigated activities showed that honed surface 3 gave a better tribological performances (friction coefficient and surface conditions) than honed surfaces 1 and 2. Theoretically-predicted results also showed better tribological performance (friction coefficient) of the honed surface 3 compared to the honed surfaces 1 and 2. Therefore, the surface textured parameters with depth = 17±1.5 µm, width = 40±5 µm and distance between two textures = 375 µm resulted in lowest friction coefficient, which is associated with reduced wear, increased MoM hip implant longevity. 
